Lanthanum: inhibition of ACTH-stimulated cyclic AMP and corticosterone synthesis in isolated rat adrenocortical cells by unknown
LANTHANUM:  INHIBITION OF  ACTH-STIMULATED 
CYCLIC  AMP  AND  CORTICOSTERONE  SYNTHESIS  IN 
ISOLATED  RAT  ADRENOCORTICAL  CELLS 
AJAI  HAKSAR,t  DAVID  V.  MAUDSLEY,  FERNAND  G.  PI~RON, 
and  E.  BEDIGIAN 
From the Worcester Foundation for Experimental Biology, 
Shrewsbury, Massachusetts 01545 
ABSTRACT 
Lanthanum (La +++)  is a  well-known  Ca ++  antagonist  in a  number of biological 
systems.  It was used in the present study to examine the role of Ca ++  in the regu- 
lation of adenyl cyclase  of the adrenal cortex  by ACTH.  In micromolar concen- 
trations, La +++ inhibited both cyclic AMP and corticosterone response of isolated 
adrenal cortex cells to ACTH.  However,  a number of intracellular processes were 
not  affected  by  La +++.  These  include  the  stimulation  of  steroidogenesis  by  di- 
butyryl cyclic  AMP,  conversion  of several  steroid precursors into corticosterone, 
and  stimulation  of the  latter  by  glucose.  Thus,  inhibition  of steroidogenesis  by 
La +++  appears to be solely due to an inhibition of ACTH-stimulated  cyclic AMP 
formation.  Electron microscope examination showed that La +++ was localized on 
plasma membrane of the cells and did not appear to penetrate beyond this region. 
Since  La +++  is  believed  to  replace  Ca ++  at  superficial  binding  sites  on the cell 
membrane,  it is proposed  that Ca ++  at these sites plays an important role in the 
regulation  of adenyl cyclase  by ACTH.  Similarities  in  the  role  of Ca ++  in  "ex- 
citation-contraction"  coupling and in the ACTH-adenyl  cyclase  system  raise  the 
possibility  that a  contractile  protein may be  involved in the regulation of adenyl 
cyclase  by those hormones which are known to require Ca ++  in the process. 
Studies  on  the  cellular  pharmacology  of  lan- 
thanum  (La §247  have  shown  that  this  ion  is  a 
specific antagonist of Ca + § in a number of biologi- 
cal systems. Almost all of the effects of La +++ on 
Ca++-dependent  movements or reactions in intact 
cells  have  been  explained  by  postulating  that 
La +++  can  replace Ca ++  at  well-defined sites on 
the outer cell membrane (16,  23,  29,  58).  Because 
of this specificity in the site of its action,  La ++§ 
appears  to  0rovide  a  precise  approach  for  the 
elucidation of Ca++-dependent  processes.  Besides 
t  Deceased 8 August  1975. 
the well-documented  effects on the Ca+ +-depend  - 
ent "excitation-contraction" coupling in the mus- 
cle,  reviewed  recently  by  Weiss  (57),  La +++  has 
also  been  reported  to  affect  "stimulus-secretion" 
coupling in a  number of systems that are believed 
to  require  Ca ++  as  the  coupling  agent.  These 
include .catecholamine  release  from  the  adrenal 
medulla (8), histamine release from mast cells (14), 
and oxytocin-induced milk ejection from the mam- 
mary gland (30). 
The  requirement of Ca ++  for the steroidogenic 
effect of ACTH  as well as that of cyclic AMP has 
been  known  for  many  years  (5,  6,  41).  More 
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of cyclic AMP  formation by ACTH in the adrenal 
cortex is also dependent on Ca ++ (2,  19, 26, 28, 31, 
49).  Although  the  exact  role  of  Ca ++  in  this 
process  is  not  well  understood,  it  has  been  sug- 
gested  that  this  ion  is  required  for  some  step 
between the binding of ACTH  to the receptor and 
the activation of adenyl cyclase (21, 28, 3 l, 32, 49). 
Thus, Ca ++ appears to be required in the coupling 
of a  "stimulus"  with  enzyme  activation,  ACTH- 
receptor  interaction  on  the  plasma  membrane 
providing  the  stimulus  and  the  membrane-bound 
adenyl cyclase being the enzyme activated. There- 
fore, the role of Ca ++ in this system may be similar 
to that in the "excitation-contraction" coupling in 
the  muscle  and the "stimulus-secretion" coupling 
in  the  several  other  systems.  Because  of  this 
similarity and because of a  lack of information on 
the  precise  location  of Ca ++  involved  in  ACTH 
stimulation of adenyl cyclase,  studies were under- 
taken to investigate the effects of La +++  on cyclic 
AMP  and  corticosterone  formation  in  isolated 
adrenal  cortex  cells.  In  addition,  ultrastructural 
localization  of La §247 in  adrenal  cells  was  exam- 
ined by electron microscopy. 
MATERIALS  AND  METHODS 
Materials 
Trypsin  (TRSF-IGA  150  U/mg)  and  lima  bean 
trypsin inhibitor were obtained from Worthington Bio- 
chemical Corp., Freehold, N. J., collagenase (Serva, 387 
Mahdi  U/rag)  and  lanthanum  chloride  (LaCIs)  from 
Gallard-Schlesinger Chemical Mfg. Corp., Carle Place, 
N.  Y.,  Pentex bovine serum albumin (fraction V, fatty 
acid poor) from Miles Laboratories, Inc., Elkhart, Ind., 
cyclic  AMP  and  dibutyryl  cyclic  AMP  from  Sigma 
Chemical Co., St. Louis, Mo., N-2-hydroxyethylpipera- 
zone-N'-2-ethanesulfonic acid  (HEPES)  from  Calbio- 
them,  San  Diego,  Calif.,  and cyclic [SH]AMP (sp act 
27.1  Ci/mmol)  from  New  England  Nuclear,  Boston, 
Mass.  Purified aS-ACTH was obtained from Dr. C. H. 
Li,  University of California, San  Francisco, Calif.  All 
other chemicals used were of reagent grade. 
Methods 
CELL  SUSPENSIONS:  Suspensions  of  isolated  rat 
adrenal cells were prepared by collagenase-trypsin treat- 
ment  of adrenal  sections  in  Krebs-Ringer  bicarbonate 
buffer, pH  7.4,  by the method described previously (17, 
20). 
INCUBATION  MEDIUM:  The buffer medium for cell 
incubations (HEPES  buffer) contained  136 mM  NaCI, 
13 mM  KCI,  1.18 mM  MgCI2,  1.0 mM CaCI~,  11 mM 
glucose,  and 3.0 mM  HEPES.  The pH  of the medium 
was adjusted to 6.9-7.0 with dilute NaOH.  it should be 
noted that bicarbonate, phosphate, and sulfate ions must 
be avoided in the medium because their lanthanum salts 
are extremely insoluble. 
CELL  INCUBATIONS:  The  cells were  suspended  in 
the  HEPES  buffer  containing  0.5%  BSA  and  0.1% 
trypsin inhibitor and incubated for 30 min at 37~  After 
centrifugation at 100 g for 20 rain at 4~  and removal of 
the  supernate,  cell  pellets  were  suspended  for  final 
incubation in an appropriate volume of HEPES buffer to 
give a concentration of 1.0-2.0  ￿  l0  s cells/ml. Incuba- 
tions  were  carried  out  in  duplicate  or  triplicate  in  a 
Dubnoff  metabolic  shaker  at  37~  Each  incubation 
vessel  contained  1 ml  of the  cell suspension, test  sub- 
stances  dissolved  in  HEPES  buffer  (pH  adjusted  to 
6.9  7.0),  and an appropriate volume of buffer to make 
the final volume  1.5 ml. 
MEASUREMENT  OF  CYCLIC  AMP:  Extraction and 
quantitative measurement of cyclic AMP were  carried 
out  according to  previously published methods  (1,  10, 
18). Cyclic AMP experiments were performed in tripli- 
cate and three measurements were made on each repli- 
cate.  Each value reported  in this paper thus represents 
the mean of nine observations. Standard deviations were 
always less than 10% of the respective means. 
MEASUREMENT  OF  CORTICOSTERONE:  Cor- 
ticosterone  was  measured  in  the  dichloromethane ex- 
tract of the cell suspensions by the sulfuric acid fluores- 
cence  method  (52).  Corticosterone  experiments  were 
carried out in duplicate and the average values are re- 
ported.  The duplicate determinations were consistently 
within 4-5% of the respective means. 
In  general,  cyclic  AMP  and  corticosterone  experi- 
ments were done separately  because of the well-known 
differences in the ACTH dose response curves for the two 
parameters  (3,  34).  Cyclic  AMP  and  corticosterone 
values in zero time or unincubated controls in different 
experiments were  <2  pmol  and  <0.2  nmol/105 cells, 
respectively. Cells incubated in the absence of stimulat- 
ing  agents  (ACTH,  cyclic  AMP,  or  dibutyryl  cyclic 
AMP) or steroid precursors showed negligible corticos- 
terone synthesis, always less than 0.05 nmol/105 cells/2 
h. Similarly, the basal cyclic  AMP production was also 
negligible, i.e., the values were not significantly different 
from the unincubated controls. All values reported in this 
paper  are  net  values  obtained  after  subtraction of the 
respective zero-time controls. 
PREPARATION  OF  TISSUE  FOR  ELECTRON  MI- 
CROSCOPY:  Ceils were incubated in HEPES buffer for 
30 min at 37~  with or without 1 mM  La +++ and then 
centrifuged at 4~  for 20 min at 2,000 rpm. The pellets 
thus obtained were immediately fixed in a 2% solution of 
glutaraldehyde in HEPES buffer, pH 7.0,  for 90 min at 
0~  After four successive  washes in HEPES buffer, the 
pellets were  postfixed  in  I%  OsO4  in 0.1  M  phosphate 
buffer, pH 7.2, for 60 min at 0~  The samples were then 
washed four times with water and dehydrated through a 
graded series of aqueous ethanol solutions. Finally, they 
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medium obtained from Ladd Research Industries,  Bur- 
lington,  Vt.  Ultrathin  sections  were  cut  on  a  Sorvall 
MT2-B ultramicrotome (Du  Pont  Instruments,  Sorvall 
Operations, Newtown, Conn.) and viewed unstained in a 
Zeiss EM95-2 electron microscope. 
RESULTS 
Fig.  1 shows the ACTH  log dose response curves 
for corticosterone production  at different concen- 
trations  of  La §  As  little  as  3.3  aM  La §247247 
caused  an  inhibition  of corticosterone  production 
in  response to ACTH and  there  was a  substantial 
increase in the concentration of ACTH required to 
produce  a  half-maximum  amount  of corticoster- 
one.  With  increasing  concentrations  of  La § 
there  was  also  a  progressive decline  in  the  max- 
imum  response  to  ACTH.  In the presence  of 100 
#M La §247247  even 40 nM ACTH did not initiate the 
corticosterone  response  and  160  nM  ACTH  pro- 
duced  only  about  20%  of the  maximum  response 
observed in the absence of La +§247  When  La §  is 
not added to the incubation medium, a significant 
response  is observed with 0.1-0.3  nM ACTH and 
maximum  response  with 5-10 nM. 
Fig.  2  shows  the  effect  of  different  La §247 
concentrations  on  the  ACTH  log  dose  response 
curves for cyclic AMP formation.  It is evident that 
La §247  inhibited  cyclic  AMP  formation  in  re- 
sponse to all concentrations of ACTH tested. As in 
the case of corticosterone, there was a  progressive 
decline  in  the  maximum  amount  of cyclic AMP 
formed with increasing concentrations  of La §  +. 
Fig. 3 shows the effect of adding  100#M  La +§247 
during the incubation on the cyclic AMP response 
of ACTH. The effect of La §247247  appears to be very 
rapid  and  cyclic  AMP  formation  ceases  almost 
immediately after the addition  of La §247247 
Fig.  4  shows  the  effect  of  different  La §247247 
concentrations  on corticosterone  formation  in the 
presence  of  maximally  as  well  as  submaximally 
stimulating  amounts  of  ACTH.  It  is  clear  that 
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FIGURE  I  Log-dose response  curves of ACTH for corticosterone formation in the presence  of different 
concentrations of La  +§247  Control (no La+*+),  O; 3.3 ~M La §247 &; 10/~M La  §247247  I; 33 ~M La §247 O; 
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FIGURE  2  Log-dose response curves of ACTH  for cyclic  AMP  formation in  the  presence of different 
concentrations of La +++. Control (no La+++), O,  1 tzM La +++, A; 3 #M La +++, II; 10 tzM La +++, O; 30 
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FIGURE  3  Effect of La +§  on cyclic  AMP formation. Incubations were started with 50 nM ACTH, and 
100 ~M  La +++  was added  to  some beakers at  the  times indicated  by arrows. Solid line  represents the 
progress curve for cyclic AMP formation in response to ACTH. Broken lines represent the progress curves 
after the addition of La +++. 
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FIGURE  4  Effect of different concentrations of La +§ + on the ACTH-stimulated corticosterone formation. 
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FIGURE  5  Effect  of  different  concentrations  of  La +++  on  the  stimulation of  cyclic  AMP  (O)  and 
corticosterone (11)  formation by ACTH. Concentration of the hormone was  100 nM. 
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Lack of Effect of La  +++ on the Conversion of 
Steroid Substrates into Corticosterone 
Corticosterone formed 
(nmol/l0  s cells/2 h) 
Additions  No La +++  100uM  La +++ 
None  < 0.05  < 0.05 
11- Deoxycorticosterone  4.9  5.0 
I 1 -Deoxycorticosterone  12.8  13.4 
+ glucose 
I lB-Hydroxyprogesterone  1.6  1.6 
I l/3-Hydroxyprogesterone  6.3  6.2 
+  glucose 
Pregnenolone  2.4  2. I 
Pregnenolone +  glucose  6.9  6.2 
Glucose  <0.05  <0.05 
effect  on  this  stimulation.  Further,  the  data  in 
Table  II  show  that  La +§  in  concentrations  as 
high  as  1  mM  had  little  or  no  effect  on  the 
stimulation of corticosterone formation by differ- 
ent concentrations of dibutyryl cyclic AMP. 
It has been shown previously that if incubations 
are carried  out  in the absence of Ca ++,  there is a 
substantial decrease in the amount of corticoster- 
one  formed  in  response to dibutyryl  cyclic  AMP 
(21,  49).  Table  III  shows that addition of La § 
partly  prevents  the  decrease  in  corticosterone 
formation  observed  under conditions where Ca ++ 
has been omitted from the incubation medium.  In 
eight  different  observations  with  lO0  500  taM 
dibutyryl cyclic AMP,  the mean (•  SE) corticos- 
terone formation in Ca++-free medium was 73.3% 
The  cells  were  suspended  in  HEPES  buffer  without 
glucose. Incubations were then carried out in the absence 
or presence of 10 mM glucose. 
The concentrations of steroid substrates were:  1 I-deoxy- 
corticosterone,  60  ~tM;  l lO-hydroxyprogesterone,  30 
~.M;  and  pregnenolone,  40  ~uM. These  are  optimum 
concentrations  as  determined  in  the  previous  studies 
(33)? 
La +++  is more effective at  lower  ACTH  concen- 
0  < 0.05  < 0.05  trations.  Thus,  in the presence  of  I, 4,  and  8  nM 
25  0.9  0.7 
ACTH,  50% inhibition of corticosterone synthesis  50  1.9  1.6 
was  obtained  with approximately  2,  6,  and 9  ~M  100  2.2  2.1 
La +++.  In  other  experiments  carried  out  with  500  2.5  2.6 
supramaximally  stimulating  amounts  of  ACTH, 
there was  further increase in the concentration of 
La +++  required to produce 50% inhibition. Similar 
results were obtained when the formation of cyclic 
AMP,  instead  of corticosterone,  was measured  in 
response  to  ACTH.  Fig.  5  shows  an  experiment 
carried  out  with  100 nM  ACTH.  At this concen- 
tration  of  ACTH,  50%  inhibition of cyclic  AMP 
formation is obtained with about 6 #M  La +++, 
The data reported above indicate that the inhibi- 
uM 
tion  of  ACTH-stimulated  corticosterone  forma- 
0  <0.05  <0.05  tion by La +++ is due to the effect of this ion on the 
25  0.3  0.6 
stimulation  of  adenyl  cyclase  by  the  hormone.  50  0.7  1.1 
Nevertheless,  ka +++  could  also affect some other  100  1.2  1.8 
step(s)  in  the  steroidogenic  pathway  in  the  celt.  250  1.4  1.9 
However, this possibility is ruled out by the present  500  1.5  2.1 
experiments. Table  I  shows that La +++  (100 #M) 
had  no  effect  on  the  conversion  of three  steroid 
substrates into corticosterone. Glucose is known to 
stimulate  the  conversion  of these  substrates  into 
corticosterone  (33) t,  and  again,  ka +++  had  no 
~Haksar,  A.,  M.  T.  Lin,  and  F.  G.  P~ron.  1975. 
Submitted for publication. 
TABLE  Ii 
Lack of Effect of La  +++ on the Stimulation of 
Corticosterone Formation by Dibutyryl 
Cyclic AMP (DbcA MP) 
Corticosterone formed (nmol/106 cells/2 h) 
La+++,  La+~-*,  La+++ 
DbcAMP  0 t~M  100 ~uM  1,000 ~M 
<0.05 
0.9 
1.7 
2.0 
2.5 
TABLE II1 
Effect  of  La +§  on  Dibutyrvl  Cyclic  AMP 
(DbcA MP) Stimulation of Corticosterone 
Synthesis in Ca+++-Free Medium 
Corticosterone formed (nmol/106 cells/2 h) 
IO0~M  I  mM  I  mM 
DbcAMP  NoCa *'~  La §  La ++~  Ca ~+ 
<0.05  <0.05 
0.7  0.9 
1.2  1.5 
1.7  1.9 
1.9  2.2 
1.9  2.2 
Cells were suspended in HEPES buffer containing 0.5% 
BSA  and  0.1%  trypsin  inhibitor  but  no  Ca ++ .  The 
suspensions  were  preincubated  for  30  min  at  37~ 
centrifuged  at  100  g  for  20  min,  and  the  cell  pellets 
resuspended  in  HEPES  buffer  without  Ca ++.  Incuba- 
tions  were  then  carried  out  after  the  addition  of sub- 
stances as indicated in the Table. 
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When  100 ~tM  La +§247  was added  to the Ca++-free 
medium  in  these  experiments,  the mean corticos- 
terone  value  rose  to  93.3%  (-4-1.4%)  of that  ob- 
tained in the presence of Ca §247  . Thus, the amounts 
of corticosterone produced in response to dibutyryl 
cyclic AMP are quite similar when either Ca §247  or 
La §247247  is  added  to  the  cells  suspended  in  a 
Ca § +-free medium. 
Ultrastructural Localization  of La + § § 
Cells  were  incubated  in  HEPES  buffer with  or 
without  LaCI3  and  then  examined  in  an  electron 
microscope  as  described  in  Materials  and 
Methods.  Fig.  6  shows  the  typical  ultrastructural 
localization  of  lanthanum.  It  is  clear  that  lan- 
thanum  is  present  exclusively on  the  cell surface 
and does  not  penetrate  into the cell.  Fig. 7  shows 
the  plasma  membrane  and  closely  packed  mito- 
chondria,  with  typical  vesicular  cristae  (27)  in  a 
cell that  was  not exposed  to  lanthanum. 
DISCUSSION 
The  requirement  for  Ca +§  in  the  steroidogenic 
response  of the adrenal  cortex to ACTH was first 
described many years ago (5, 41). Since then it has 
been  shown  that  in  the  steroidogenic  action  of 
ACTH, Ca ++  is required for the formation of the 
second  messenger,  cyclic AMP  (2,  19,  26,  28,  31, 
49), as well as for reactions after the formation of 
this  cyclic  nucleotide  (6,  13,  21,  24,  47,  49).  A 
number  of investigators  have  studied  the  role  of 
Ca ++  in  the  ACTH-stimulation  of  cyclic  AMP 
formation,  in both intact and broken cell prepara- 
tions.  In intact cells Ca ++ does not appear to have 
an  appreciable  effect  either  on  the  binding  of 
ACTH (21, 28) or on basal cyclic AMP production 
(19,  28).  In broken  cell preparations,  although the 
Ca ++  dependence  can  be  demonstrated  for  the 
ACTH-stimulation  of cyclic  AMP  formation  (2, 
26, 31), the cation in concentrations greater than 2 
mM  appears  to  inhibit binding of the hormone to 
receptor (3 I).  In such preparations,  Ca + § does not 
have an appreciable effect on the basal or fluoride- 
stimulated  adenyl  cyclase  activity  (31).  Such  re- 
sults have led several investigators to suggest that 
Ca ++ is required for some step between the binding 
of ACTH  to  the  receptor  on  the  cell  membrane 
and the activation of adenyl cyclase (21, 28, 31, 32, 
49),  a  step  we  refer  to  here  as  "coupling"  of  a 
FIGURE  6  Portion of an adrenal cortex cell that was incubated  for 30 min in HEPES buffer containing I 
mM  LaCIs.  Note that  lanthanum  (La)  forms an electron-dense image at  the cell surface but does  not 
penetrate into the cell. This section  was unstained.  Mitochondria (M). Scale, 0.25 um;  x  58,000. 
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mitochondria (M). This section was unstained.  Scale 
stimulus  with  enzyme  activation.  The  precise  na- 
ture  of this coupling is not yet known. 
In  the  previous  studies  with  intact  cells,  two 
means  were  utilized to  study  the  role  of Ca § + in 
the  ACTH-stimulation of cyclic AMP formation: 
(a) omission of Ca ++ from the incubation medium, 
and (b) addition of EGTA, a Ca  + § chelator, to the 
incubation  medium.  Both  approaches  have  the 
drawback  that  intracellular  processes  are  also 
affected  by  manipulation  of Ca §  concentrations 
outside  the  cell.  For  example,  in  Ca+§  me- 
dium or in the presence of EGTA, the stimulation 
of steroidogenesis by cyclic AMP and its dibutyryl 
derivative  is  considerably  reduced  (21,  49).  It  is 
likely  that  when  the  cells  are  suspended  in  a 
Ca§247  medium,  there  is  a  reduction  in  the 
intracellular  levels  of Ca ++  due  to  efflux  of the 
cation  and  that  this  results  in  the  inhibition  of 
Ca+§  processes inside the cell. Indirect 
support  for  this  contention  is  provided  by  our 
experiments carried out with La §  in a Ca++-free 
medium.  Thus,  addition  of La +§  partly  reversed 
the decrease in the steroidogenic effect of dibutyryl 
cyclic AMP  normally  observed  in  Ca++-free  me- 
dia.  In  these  experiments,  La  +++  presumably 
prevented  the  depletion  of intracellular  Ca  §  by 
exposed  to  lanthanum.  Plasma  membrane  (PM), 
0.25 ~m;  ￿  58,000. 
blocking efflux of the cation from the cells. Indeed, 
La +§  is known to block both uptake and efflux of 
Ca +§  in other intact  cell systems (25,  29,  55-57). 
Our  experiments  demonstrate  the  usefulness  of 
La +++  in  delineating  the  role  of  Ca ++  in  the 
hormonal  regulation  of  membrane-associated 
processes.  We have carried out experiments in the 
presence  of physiological concentrations  of Ca ++ 
and  under  these conditions  La ++§  appears  not to 
interfere with intracellular processes. Thus,  La ~ + § 
in concentrations as high as  1 mM had no effect on 
stimulation  of steroidogenesis  by  dibutyryl  cyclic 
AMP.  It was also without effect on the conversion 
of  three  steroid  substrates  into  corticosterone. 
Since the  stimulation  of corticosterone  formation 
from  steroid  substrates  by  glucose  was  also  not 
affected,  it  is  unlikely  that  La +++  exerted  any 
notable effects on glucose metabolism  and energy 
production in the cells. The lack of effect of La ++§ 
on  the  intracellular  processes  measured  in  this 
study  strongly  suggests  that  La §  does  not 
penetrate  the  cells.  Indeed,  the  electron  micro- 
scope localization of La +++ exclusively on the cell 
membrane  provides  additional  support  for  this 
view.  Our  electron  microscope  studies  are  in 
agreement  with  those  of other  workers  who  also 
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the plasma membranes of several types of cells (9, 
15, 29, 35, 40, 43,  51, 59). 
The present data show that  La +++  inhibits the 
stimulation  of  cyclic  AMP  and  corticosterone 
formation in adrenal cells in response to ACTH. 
The effects  of La +§  on corticosterone formation 
are almost entirely due to the inhibition of cyclic 
AMP  formation since the  intracellular processes 
measured in this study were unaffected by La +++. 
Also, synthesis of cyclic AMP is more sensitive to 
La +++  than  is  steroidogenesis. This can be seen 
clearly in the  dose  response curves, especially at 
relatively large  concentrations of ACTH.  More- 
over, in the experiment reported in Fig. 5, 20 #M 
La +  ++ reduced the amount of cyclic AMP formed 
in  response  to  100  nM  ACTH  by  almost  90%, 
whereas reduction in corticosterone was only 20%. 
These  results  reinforce  the  concept  of  "spare 
receptors"  on the adrenal cell membrane (3,  50). 
Thus, all of the cyclic AMP produced in response 
to ACTH may not be necessary to obtain maximal 
rates of corticosterone formation. Similar sugges- 
tions have been made previously by other workers 
(36,  50). 
La +++ has proved to be a useful tool in defining 
the  source  of  Ca ++  involved  in  the  contractile 
response of various types of muscles to different 
stimuli, and  the  effects  of Ca ++  transport  have 
been well correlated with the uncoupling action of 
La +++ (29, 48, 57). Further, it has been shown that 
La §  has  an affinity for extracellular sites (12, 
43)  and  binds  specifically  to  membrane  areas 
contiguous with  the  extracellular  space  without 
penetrating beyond this  region  (29,  35,  43,  59). 
These studies indicate that contractile responses in 
most  muscle systems are  regulated by a  superfi- 
cially  located  and  rapidly  exchangeable  Ca ++ 
component.  In  the  present  study,  inhibition of 
ACTH-stimulated  cyclic  AMP  formation  by 
La +++  and the localization of La +++  on the cell 
membrane strongly suggest that Ca +-` at superfi- 
cial membrane sites plays an important role in the 
regulation of  adenyl cyclase  by  ACTH.  To  our 
knowledge, this is the first time La +§  has been 
shown to have an effect  on the hormonal stimula- 
tion of cyclic AMP formation. 
The existing models for the hormonal regulation 
of  adenyl  cyclase  propose  either  two  or  three 
components in the  system.  In the original model 
proposed  by  Robison et  al.  (44),  there  are  two 
components, hormone receptor and catalytic unit, 
with a specific directional orientation. In the more 
recent  model  proposed  by Cuatrecasas  (I I)  and 
based  on the  premise that  biological membranes 
are in a fluid state (53, 54), the two components are 
visualized to be relatively free to diffuse laterally 
along the plane of the membrane. In both models, 
interaction of hormone-receptor complex with the 
catalytic component leads to activation of adenyl 
cyclase. In the three component models (7, 22, 45) 
an additional component, termed "transducer" by 
Birnbaumer et  al.  (7)  and  by  Rodbeil  (45),  is 
interposed  between  the  receptor  and  catalytic 
component. According to Rodbell (46),  the trans- 
ducer is that element which  couples events occur- 
ring at the discriminator (receptor) to the events 
taking place  at  the  amplifier (catalytic unit). To 
date,  the  nature of the  transducer has  remained 
vague. 
Similarities in the proposed roles of Ca* + in the 
"excitation-contraction"  coupling  and  the  cou- 
pling of ACTH-receptor interaction to the adenyl 
cyclase  raise  the  possibility  that  a  contractile 
protein  is  involved  in  the  regulation  of  adenyl 
cyclase  by  those  hormones  which  are  known to 
require  Ca ++ .  Thus,  the  interaction between the 
hormone-receptor complex and the adenyl cyclase 
could be  achieved via the  intermediate role  of a 
Ca+ +-sensitive contractile  protein  component of 
the  membrane  (Fig.  8).  A  role  for  contractile 
EXTRA  PLASMA  INTRA 
CELLULAR  MEMBRANE  CELLULAR 
Co  +§  CAMP 
CP 
(~  ~  "--" CAMP 
FIGURE 8  Model  for the regulation of adenyl cyclase 
by those .hormones  which require Ca ++. H, hormone; R, 
receptor; AC,  adenyl cyclase; CP,  contractile protein 
component of the cell membrane. Solid arrows within the 
plasma membrane indicate that CP could aid lateral as 
well as  transverse  motion  of  HR  complex and  AC. 
Broken arrows indicate that Ca  ++ at superficial binding 
sites on the plasma membrane may be involved in the 
regulation of CP. 
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(37)  and  the  release  of  transmitter  material  at 
synaptic  endings  (4).  It  may  also  be  mentioned 
here  that  contractile  proteins,  indeed,  have  been 
discovered in a  number of nonmuscle cells (42) and 
the possibility that such proteins may be involved 
in  lateral diffusion  of membrane constituents has 
been recently discussed by others (38,  39). 
The  contractile  protein  component  need  not 
impose  a  directional  restraint  on  the  coupling of 
the  hormone-receptor  complex  to  the  adenyl  cy- 
clase, since it could aid lateral as well as transverse 
motion  of  the  two  moieties  as  indicated  in  the 
model depicted  in  Fig.  8.  In the absence of Ca +* 
the  proposed  contractile  protein  would  not  be 
functional and, therefore, full activation of adenyl 
cyclase  will  not  be  realized.  On  the  basis  of the 
experiments described in this paper,  the source of 
Ca + + for regulation of the intermediate contractile 
protein appears to be a  superficially located com- 
ponent. 
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